The phase transitions in unpoled lead-free (1−x)(Bi 1/2 Na 1/2 )TiO 3 -xBaTiO 3 (x = 0.06 and 0.11) ceramics are investigated using hot-stage transmission electron microscopy (TEM). It is found that large ferroelectric domains in both ceramics start to disappear around T d , the depolarization temperature. After the transition, both compositions exhibit the P4bm tetragonal symmetry in the form of nanodomains. The structural transition observed by the in situTEM experiments seems to be gradual and occurs within a temperature range of several tens of degrees, in contrast to the sharp anomaly at T d revealed by the dielectric characterization. With further increasing temperature, no structural change was observed for both compositions across T RE , where the dielectric frequency dispersion vanishes, and T m , where the dielectric permittivity reaches maximum. The tetragonal-to-cubic transition is diffuse and takes place in a broad temperature window well above both T RE and T m . These results of structural phase transitions are summarized in a phase diagram with its composition range covering the morphotropic phase boundary (MPB).
I. Introduction
The development of high-performance lead-free piezoelectric ceramics becomes an increasingly urgent task because of the environmental concerns raised by lead-containing piezoelectric ceramics such as Pb(Zr,Ti)O3. 1 The (1-x)(Bi1/2Na1/2)TiO3-xBaTiO3 solid solution system, whose piezoelectric properties peak at its morphotropic phase boundary (MPB) x ≈ 0.06, has shown great promises for piezoelectric applications. [1] [2] [3] [4] However, several fundamental issues, especially those on the structure-property relationships, are not very well understood in this system and the origin of the piezoelectric strain is still unclear. 5 The complications regarding the structure-property relationships in (1-x)(Bi1/2Na1/2)TiO3-xBaTiO3 can be traced back to the base compound (Bi1/2Na1/2)TiO3, which displays decoupled crystal structures and dielectric properties. [6] [7] [8] [9] Neutron diffraction experiments 7 indicate that (Bi1/2Na1/2)TiO3 exhibits R3c symmetry below 255 ºC, P4bm symmetry from 400 to 500 ºC, and m Pm3 symmetry above 540 ºC. The R3c and P4bm phases coexist between 255 ºC and 400 ºC, and the P4bm and m Pm3 phases coexist between 500 ºC and 540 ºC. Structural refinements suggest that the tetragonal P4bm phase exhibits Ti 4+ displacements antiparallel to those of Bi 3+ /Na + . 7 However, dielectric characterizations reveal that the room-temperature ferroelectric state in (Bi1/2Na1/2)TiO3 transforms to an antiferroelectric state at ~230 ºC (Td) where a hump in dielectric constant and loss tangent was observed, and then to a paraelectric one at ~340 ºC (Tm) where dielectric constant exhibits a maximum. 2 The disconnection between the structural and the dielectric transitions is poorly understood.
The dielectric phase transitions in (Bi1/2Na1/2)TiO3 are inherited by the MPB compositions of (1-x)(Bi1/2Na1/2)TiO3-xBaTiO3, 2-4,10 but the structure-property relationship against temperature is unknown due to the absence of systematic temperature dependent structural studies. In the recently reported phase diagram for unpoled
(1-x)(Bi1/2Na1/2)TiO3-xBaTiO3 ceramics ( Fig. 1) , 11, 12 excellent structure-property correlation against composition was observed at room temperature. The unique relaxor antiferroelectric (AFE) behavior is associated with nanodomains with P4bm symmetry in the phase region 0.07 ≤ x ≤ 0.09, and long-range ferroelectric (FE) order was observed in both neighboring phase regions with large ferroelectric domains. The MPB composition x = 0.06 displays a two-phase mixture with volumes of R3c ferroelectric domains embedded in the matrix of P4bm nanodomains, while the composition x = 0.11 contains both P4bm nanodomains and P4mm large lamellar ferroelectric domains. Based on the excellent structure-property correlation at room temperature, it was further speculated that the R3c complex domains in x ≤ 0.06 and the P4mm lamellar domains in x ≥ 0.11 transform to the P4bm nanodomains across Td, the dielectric anomaly delineating the FE and relaxor AFE regions in Fig. 1 . 11, 12 Given the aforementioned complications arising from the decoupled dielectric and structural transitions in (Bi1/2Na1/2)TiO3, [6] [7] [8] [9] experimental evidences are needed to verify this speculation. In addition, the structure-property relationship across TRE, where the dielectric frequency dispersion vanishes, 11, 12 and Tm, where the dielectric permittivity peaks, 2 is unknown for the compositions around the MPB. It has been proposed that TRE may not correspond to a structural change. 12 As for Tm, a recent study suggests that the tetragonal-cubic transition temperature drops towards Tm with increasing x, and these two transition temperatures start to converge in x = 0.05. 10 For x > 0.05, though, the anelastic anomaly caused by the tetragonal-cubic transition becomes extremely broadened, which prevents accurate determination of the structural transition temperature. 10 Whether the tetragonal-cubic transition temperature merges with Tm, and how the domain structure evolves with temperature above Tm for x > 0.05 thus remain open questions.
In the present work, hot-stage transmission electron microscopy (TEM) study was performed on ceramics of x = 0.06 and 0.11 to reveal the structural transitions.
II. Experimental Procedure
The preparation of (1-x)(Bi1/2Na1/2)TiO3-xBaTiO3 polycrystalline ceramics and TEM specimens was reported previously. 11, 12 Hot-stage TEM experiments on ceramic specimens of x = 0.06 and 0.11 were performed on a Phillips CM-30 microscope operated at 300 kV. Bright field micrographs, centered-dark-field (CDF) micrographs, and selected area electron diffraction (SAED) patterns were recorded with a charge-coupled device camera during specimen heating.
The temperature was increased in a stepwise manner with a step size ~20 ºC and each step took ~1 minute. At temperature points of interest, TEM micrographs and/or diffraction patterns were recorded 10 minutes after the temperature reading was stabilized. Due to the concern of possible evaporation loss of Bi 3+ and Na + , all specimens were heated to a temperature at or below 600 ºC and the whole heating experiment was finished within 3 hours.
III. Results and Discussion

(1). Phase transitions across Td
In agreement with previous results, 11, 12 We have proposed a new term "relaxor antiferroelectric" to describe the dielectric behavior of the P4bm phase for its strong frequency dispersion and its nanometer-sized domains in our previous work. 11, 12 It is in analogy with "relaxor ferroelectric" which has been used to describe Pb(Mg1/3Nb2/3)O3 where the nanodomains are ferroelectric ones. [16] [17] [18] For the "relaxor antiferroelectric" P4bm phase in (1-x)(Bi1/2Na1/2)TiO3-xBaTiO3, the nanodomains are of antiferroelectric nature because the displacements of A-site cations (Bi 3+ , Na + , Ba 2+ ) are antiparallel to the displacement of B-site cation (Ti 4+ ) within each individual nanodomain.
However, the dipole moment resulted from the Ti 4+ displacement is not fully cancelled by that from the A-site cation displacement in the unit cell. 7 Therefore, the nanodomains in the P4bm phase are actually uncompensated antiferroelectric, or weakly polar ferrielectric domains. 12 As a result, the dielectric behavior of the P4bm relaxor antiferroelectric phase is similar to that of a relaxor ferroelectric in many aspects. 12 For the unpoled ceramic of x = 0.06, dielectric measurements indicated that Td is 115 ºC (Fig. 1) . 11, 12 Considering the difference in the sample geometry for dielectric and TEM characterizations and the accuracy in the temperature reading for hot-stage TEM experiments, the observed R3c-to-P4bm structural phase transition from the in situ TEM study seems to correlate with the ferroelectric-to-relaxor-antiferroelectric transition at Td from the dielectric characterization.
Similar results were observed in x = 0.11 ( Fig. 3) . At room temperature, the unpoled ceramic is dominated by lamellar ferroelectric domains [ Fig. 3(a) ]. Fig. 3(a) ]. The presence of weak 2 1 {ooe} and absence of 2 1 {ooo} superlattice spots confirm the P4bm symmetry.
7,8, [13] [14] [15] As shown in Fig. 3(c) , the large lamellar domains exhibit the P4mm symmetry as characterized by the absence of any superlattice spots. During heating, the volume with P4bm nanodomains started to grow at the expense of lamellar domains at 170 ºC and all the lamellar domains in the grain disappeared at 240 ºC. Therefore, the P4mm  P4bm structural transition appears to correlate well with the dielectric transition at Td, which is 170 ºC for x = 0.11 ( Fig. 1) .
11,12
The present in situ TEM study demonstrates that the temperature Td not only marks the ferroelectric-to-relaxor-antiferroelectric phase transition, but also corresponds to structural changes in the (1-x)(Bi1/2Na1/2)TiO3-xBaTiO3 binary solid solution system. The results are hence in supportive of the phase diagram we proposed previously for unpoled ceramics. 11, 12 However, it should be noted that the dielectric transition at Td is sharp while the structural transition revealed by in situ TEM experiments takes place over a wide temperature window of several tens of degrees. Although exact reasons for this discrepancy are the subject for future studies, the different sample geometry and in turn the different electromechanical boundary conditions definitely are contributing factors.
(2). Transitions across and beyond TRE and Tm
More detailed hot-stage TEM study was performed on the nanodomains in x = 0.06 and 0.11 in order to investigate the domain structures at high temperatures up to 600 ºC. Figure 4 displays the CDF image of the nanodomains in x = 0.06 at room temperature, which was formed were observed and they remained, although barely detectable, even at 600 ºC. The in situ TEM results thus suggest that the tetragonal (P4bm) to cubic structural transition starts at 335 ºC and completes at 500 ºC. However, the high-temperature phase (at least between 500 and 600 ºC) seems not to be a "clean" cubic phase. The persistent residues of 2 1 {ooe} superlattice spots, which have also been observed in pure (Bi1/2Na1/2)TiO3 up to 620 ºC, 19 reveal the presence of local lattice distortions. It should be noted that local lattice distortions in an average cubic structure has previously been revealed by the x-ray absorption fine structure in pure (Bi1/2Na1/2)TiO3 at 600 ºC. 20 Note that TRE and Tm for x = 0.06 are 240 ºC and 280 ºC, respectively ( Fig. 1) , from dielectric measurements.
11,12
The lack of obvious changes in either the domain morphology or the superlattic diffraction spots up to 335 ºC from this study indicates that the dielectric anomalies at TRE and Tm do not correspond to any structural phase transitions.
The tetragonal-to-cubic structural transition occurs progressively between 335 ºC and 500 ºC. Similar to x = 0.06, the SAED patterns exhibit 2 1 {ooe} superlattice spots without 2 1 {ooo} ones.
superlattice diffraction spot from the nanodomains was very weak even at room temperature for x = 0.11 [ Fig. 6(a) ], so the CDF image was not recorded. The bright field images (not shown here) could not reveal any obvious morphology change of nanodomains from room temperature to 600 ºC. The superlattice spots with streaking at all temperatures studied suggest a thin platelet domain morphology of the P4bm phase, which is similar to that in x = 0.06 (Fig. 4) . Weakening in the 2 1 {ooe} superlattice spots is noted at 310 ºC [ Fig. 6(b) ].
However, these superlattice spots are still discrete and can be distinguished from background at this temperature. As the temperature further increased, the superlattice spots are more dramatically elongated and diffused [ Fig. 6(c) ]. At 425 ºC, the superlattice diffractions become so weak and streaked that they can hardly be distinguished as individual spots [ Fig. 6(d) ]. No significant change was observed in the SAED patterns with increasing temperature above 425 ºC, except the slow and gradual weakening of the diffuse residues of the superlattice diffractions.
These residues are still visible up to 550 ºC and eventually cannot be well recorded at 600 ºC.
Thus the in situ TEM study suggests that the tetragonal-to-cubic structural transition starts at a temperature slightly below 310 C and finishes at 425 C in the composition of x = 0.11. The local distortions in the high-temperature cubic phase are gradually weakening with increase in temperature and persist up to at least 550 C. The dielectric transition temperatures TRE and Tm for x = 0.11 are 255 and 275 ºC, respectively (Fig. 1) . 11, 12 Again, neither of them is associated with the tetragonal-to-cubic structural phase transition according to the present hot-stage TEM study.
Summarizing the results of this study and previous work, 10-12 a schematic phase diagram accounting for the structural phase transitions in unpoled (1-x)(Bi1/2Na1/2)TiO3-xBaTiO3 ceramics can be constructed (Fig. 7) . While the dielectric anomaly Td correlates well with the structural transition to the P4bm phase, the dielectric anomalies at TRE and Tm do not correspond to any structural phase transition. The tetragonal-to-cubic structural transition takes place progressively within a wide temperature range above Tm where both the size and the population of the platelets of P4bm nanodomains decrease with increasing temperature. The extremely weak residues of 2 1 {ooe} superlattice diffractions observed after this structural transition reveals the presence of local lattice distortions in the high-temperature cubic phase, similar to those in pure (Bi1/2Na1/2)TiO3. 20 However, the gradual weakening of these residues after the structural transition appears to suggest such distortion may eventually disappear at higher temperatures. This scenario agrees with previous anelasticity measurement results which indicate a broad and diffuse tetragonal-to-cubic transition above Tm in compositions of x ≥ 0.05.
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IV. Conclusions
In summary, structural phase transitions in unpoled (1-x)(Bi1/2Na1/2)TiO3-xBaTiO3
ceramics were investigated using hot-stage TEM. The dielectric transition at Td is found to be correlated with structural transitions to a P4bm tetragonal phase. Nanodomains with the P4bm 13 symmetry are confirmed in compositions of x = 0.06 and 0.11 at temperatures above Td. With further increase in temperature, no structural phase transition is observed to occur at TRE or Tm.
The tetragonal-to-cubic phase transition takes place progressively within a wide temperature range above Tm: from 335 ºC to 500 ºC in x = 0.06 and from a temperature slightly below 310 ºC to 425 ºC in x = 0.11. Local distortions are present in the high-temperature cubic phase after the tetragonal-to-cubic structural transition and persist to temperatures close to 600 C. Such local distortions are expected to eventually vanish with further increase in temperature. 
